The RNA degradosome of the pathogen Staphylococcus aureus regulates the metabolism of RNA, the expression of virulence factors, and the formation of biofilms. It is composed of the RNases J1/J2, RNase Y, CshA, PNPase, Enolase, Pfk, and a newly identified component, RnpA. However, the function and new partners of RnpA in RNA degradosome remain unknown. Here, we identified PNPase and Enolase as two novel partners for RnpA. Further studies revealed that Enolase interacts with RnpA in competition with PNPase. Enzymatic assays showed that RnpA increases Enolase activity but has no effect on PNPase. These findings provide more information about the functional relationship between RnpA and RNA degradosome.
RNA degradation and processing are essential for RNA steady-state maintenance and for regulating the expression of many genes [1] . In Escherichia coli, some enzymes involved in RNA degradation were found to form a multiprotein complex, termed the RNA degradosome [2] [3] [4] [5] [6] . This complex mainly consists of the DEAD-box RNA helicase RhlB, the 5 0 -end-dependent endoribonuclease RNase E, the 3 0 -exoribonuclease PNPase, and the glycolytic enzyme Enolase [2] . Within the complex, the ATP-dependent RNA helicase Rh1B unwinds dsRNA in both the 5 0 -and 3 0 -directions to generate accessible substrates for RNase E and PNPase [7] . Enolase plays a crucial role in the degradation of glucose transporter mRNA upon phosphosugar stress; however, how it functions remains unclear [8, 9] .
The RNA degradosomes of Bacillus subtilis [10] and Staphylococcus aureus [11] were identified after that of E. coli. These complexes both contain the RNases J1/ J2, PNPase, RNase Y, the DEAD-box RNA helicase CshA, Enolase, and phosphofructokinase Pfk. An additional component RnpA, which is the protein subunit of RNase P, was recently discovered in the RNA degradosome of S. aureus [11] . RNA degradosome of S. aureus regulates the metabolism of RNA, the expression of virulence factors, and the formation of biofilms [11] [12] [13] . The RnpA inhibitor exhibits antimicrobial activity against drug-resistant S. aureus [14] . Therefore, the RNA degradosome has been considered a new drug target for S. aureus infections.
Bacterial two hybrid (B2H) studies have identified that the RNA degradosome components can interact with each other and most interactions are conserved in S. aureus and B. subtilis, such as RNase J1 with PNPase, CshA with Pfk, CshA with Enolase, and CshA with RNase Y [11] . The newly identified RNA degradosome component RnpA can interact with CshA in both S. aureus and B. subtilis by B2H [11] , but the interaction was not detected by using a tandem affinity purification (TAP) approach in S. aureus [15] . In addition, no other RNA degradosome members were reported to associate with RnpA [11] . Given that the other RNA degradosome components "crosstalk" with each other, RnpA seems too isolated to be a member of RNA degradosome. To investigate the role of RnpA, more interactions between RnpA and RNA degradosome components remain to be identified.
To verify this, we performed in vitro pull-down assays to check the interactions between RnpA and other RNA degradosome components. We did not detect the interaction between RnpA and CshA, but identified RNases J1/J2, PNPase and Enolase as the new partners for RnpA. To confirm the interactions, we performed analytical SEC assays and found that RnpA can form stable complexes with PNPase and Enolase, respectively. GST pull-down assays revealed that both Enolase and the PH2 domain of PNPase (PNPase 327-553 ) interact with the 57-C region of RnpA (RnpA 57-C ). Enolase binds to RnpA in competition with PNPase with higher affinity. Enzymatic assays show that RnpA increases the activity of Enolase but has no effect on PNPase. To understand the molecular basis for the interactions of RnpA with PNPase and Enolase, we solved the crystal structure of the PNPase catalytic domain (PNPase   NÀ553   ) . Electrostatic surface potential analysis of the S. aureus RnpA and PNPase structures revealed a positively and negatively charged region on RnpA 57-C and PNPase , respectively, indicating that PNPase binds to RnpA via electrostatic interactions. Together, our findings identified the novel interactions of RnpA with PNPase and Enolase, providing further evidence for the association of RnpA to RNA degradosome.
Materials and methods

Cloning, expression, and purification
Genes encoding CshA, PNPase, Enolase, and RnpA were amplified by polymerase chain reaction (PCR) using primers designed from the S. aureus genome. The PCR products were cloned into a pET22b expression vector with a C-terminal (His) 6 -tag for PNPase, CshA and Enolase and N-terminal (His) 6 -tag for RnpA. All constructed plasmids were verified by sequencing. Proteins were expressed in E. coli Rosetta (DE3) cells grown at 37°C in LB media containing 100 lgÁmL À1 ampicillin to an OD 600 of 0.6-0.8, induced with 0.4 mM of isopropyl b-D-thiogalactopyranoside (IPTG) then incubated for~20 h at 16°C. The His-tagged fusion proteins were purified by Ni-NTA affinity and size-exclusion chromatography (SEC). RnpA was also expressed as an N-terminal GST-fusion protein and was purified by glutathione-Sepharose and SEC. The SEC buffers used for purification consisted of 20 mM Tris-HCL, 200 mM NaCl, pH 7.5 for PNPase and Enolase, 20 mM Tris-HCL, 1 M NaCl, pH 7.5 for CshA and 20 mM MES, 300 mM MgCl 2 , pH 6.0 for RnpA. The proteins were collected, and stored at À80°C for further use. Truncated fragments and proteins were expressed and purified as the wild-type proteins.
GST pull-down assays
For the pull-down assays, the GST-tagged RnpA and RnpA truncations, the His-tagged PNPase and PNPase truncations, the GST-PNPase truncations, the MBPPNPase truncations, the His-tagged Enolase and CshA were prepared as described above. The His-tagged proteins (0.1 nmol) were mixed with the GST-tagged proteins (0.2 nmol) in a reaction mixture (1 mL) containing PBS buffer with 0.1% Tween-20 and GST-resin (20 lL, 50% slurry), rotating at 4°C for 1 h. The GST-resin beads were then pelleted by centrifugation at 860 g for 5 min and washed five times with the same buffer containing 0.1% Tween-20. Then, 50 mM Glutathione (reduced) was used to elute the proteins for SDS/PAGE. Half of the proteins were loaded in the input lane. To be consistent with the input, we also loaded half of the proteins eluted from the resins for SDS/PAGE. The gels were stained with Coomassie Brilliant Blue.
Analytical size-exclusion chromatography migration shift assays
Analytical SEC experiments were performed on calibrated Superdex200 10/300 (GE Healthcare, Uppsala, Sweden). All samples were eluted under isocratic conditions at 12°C in PBS buffer at a flow rate of 0.2 mLÁmin À1 for Superdex200 10/300. Elution of proteins was monitored at 280 nm. Fractions were collected and analyzed by SDS/ PAGE and Coomassie Brilliant blue staining. To detect the formation of the complex, 10 lM RnpA was mixed with 20 lM PNPase, or 20 lM Enolase-dimer, or 20 lM Enolaseoctamer in 500 lL PBS buffer, and then incubated at 4°C for 12 h, followed by centrifugation at 21 380 g for 30 min to remove precipitant and then subjected to SEC.
Competitive binding assays
For the competitive binding assays, the GST-tagged RnpA, the His-tagged PNPase and Enolase were prepared as 5. The X-ray diffraction data were collected at 100 K at Shanghai Synchrotron Radiation Facility (SSRF) beamline BL19U1. Individual frames were collected using 1 s for each 1.0°oscillation over a range of 360°. X-ray diffraction data were indexed, integrated, scaled, and merged using the program HKL2000 [16] . The structure of PNPase NÀ553 was determined by molecular replacement using the program PHASER [17] in the CCP4i suite [18] with E. coli PNPase (PDB entry 3CDI) as the search model. The structure was refined in space group P1 at a resolution of 2.2 A. After several runs of structure refinement using the programs REFMAC5 [19] and COOT [20] , the final model was refined to an R-factor of 22.29% and an R-free of 24.85%. The quality of the final model was analyzed with the program MolProbity [21] . Data collection and model refinement statistics are shown in Table 1 . All figures were prepared with PyMOL.
Enzymatic activity assays of PNPase
All assays were performed in a reaction buffer of 50 mM Tris-HCl, 5 mM MgCl 2 , 60 mM KCl, 10 mM sodium phosphate, pH 8.4 at 37°C for 10 min with an addition of poly (A) (Sigma-Aldrich, St. Louis, MO, USA) as the substrates. The final reaction volume was 1 mL. The conversion of poly (A) to ADP by PNPase was carried out in the presence of 15 nM PNPase and 0-80 lM of poly (A), with or without the addition of 30 nM RnpA. The reactions were quenched and the remained substrates were precipitated by adding 2.5 volumes of ethanol. After centrifugation, the amount of ADP in the supernatant was calculated by measuring its absorption at 260 nm [12] , Michaelis-Menten and EadieHofstee plots were used to derive the kinetic parameters.
Enzymatic activity assays of Enolase
Activity assays for Enolase were carried out in 20 mM IMD-HCl, 400 mM KCl, 1 mM magnesium acetate, pH 7.0 in the presence of 30 nM Enolase and 1 mM 2-PG in a final volume of 100 lL, with the addition of 0, 60, 120, 240, or 320 nM RnpA. The increase in the absorption peak at 240 nm, corresponding to the product phosphoenolpyruvate, was recorded at 20 s intervals for 100 s following the addition of 2-PG. Linear fitting images were created using GRAPHPAD PRISM 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Kinetic studies were performed at room temperature in the same buffer with the addition of 30 nM Enolase and 120 nM RnpA varying concentrations of 2-PG (0.4-3.2 mM) in a final volume of 100 lL. The increase of the product phosphoenolpyruvate was recorded at 50 s intervals for 5 min following the addition of 2-PG [22] . Michaelis-Menten and Eadie-Hofstee plots were used to derive the kinetic parameters. 
Results and discussion
Identification of partners binding to RnpA in RNA degradosome
RnpA is a newly discovered member of the RNA degradosome in S. aureus, which was shown to interact with CshA by B2H [11] . However, the RnpA-CshA interaction was not detected in vivo by using TAP method [15] . To confirm this interaction in vitro, we made the constructs of full-length CshA and RnpA with a GST-tag fused to the N-terminus for pull-down assay, respectively. As shown in Fig. 1A , CshA cannot bind to RnpA in vitro, which conflicts to the previously reported B2H results, but agrees with the TAP experiment. Therefore, the interaction between CshA and RnpA needs further investigations.
To verify if RnpA is a component of RNA degradosome and identify binding partners of RnpA, we purified RNases J1/J2, Pfk, PNPase, and Enolase to check their interactions with RnpA via GST pull-down assays. We previously identified two oligomeric forms of Enolase in S. aureus, the octamer form with catalytic activity and the inactive dimer form [22] . Thus, we separated the two oligomeric forms of Enolase for these assays. We observed that RnpA is capable of binding to PNPase and the two forms of Enolase strongly. The interaction of RnpA with RNases J1/J2 is much weaker and no interaction between RnpA and Pfk was detected (Fig. 1B-F) . These results suggest that RnpA is a component of degradosome and may interact with multiple partners to regulate the function of S. aureus RNA degradosome. Moreover, we performed SEC experiment to further confirm the interactions of RnpA with PNPase and Enolase. As shown in Fig. 2A , both PNPase and RnpA fractions showed a single peak in gel filtration experiments with the elution volume of 12.4 and 18.9 mL, respectively. When PNPase was combined with RnpA, the elution volume was clearly shifted from 12.4 to 11.8 mL, suggesting the co-elution of these two proteins. The SDS/PAGE results revealed that the interaction of RnpA with PNPase ( Fig. 2A) . Similarly, RnpA co-eluted with Enolase-dimer (Fig. 2B ) and -octamer (Fig. 2C) , confirmed the interaction between Enolase and RnpA. In addition, the elution volume of Enolase-dimer combined with RnpA sample shifted dramatically. Comparison of the elution profiles in Fig. 2B ,C suggested that RnpA might trigger the conversion of Enolasedimer into -octamer, or even higher oligomerization state. These results confirmed the interactions of RnpA with PNPase and Enolase. However, the weak band of RnpA on SDS/PAGE gels suggests that the interaction of RnpA with PNPase is either weak, or not stoichiometric.
Taken together, these results demonstrated that RnpA interacts with PNPase, Enolase and RNases J1/ J2, but not CshA and Pfk. These observations were different from a previous report that RnpA binds to CshA and no interactions of RnpA with PNPase, Enolase, Pfk, RNases J1, and J2 were detected through B2H method [11] . Although B2H assay is suited for high-through screen of the interaction between two proteins in vivo, the rate of false negative/positive results is high. While pull-down assay demonstrates the binding of two proteins in vitro, the detected protein complex by the assay is not always formed in vivo since the situations are more complicated in cells. Therefore, the distinct binding partners of RnpA found in this study and the previous one might be due to the methods of pull-down and B2H used, respectively.
RnpA 57-C interacts with the PH2 domain of PNPase
PNPase is a phosphate-dependent exoribonuclease that can degrade single strand RNA from 3 0 to 5 0 without sequence specificity [23] . It is evolutionarily conserved in almost all species, ranging from bacteria to higher mammals [24] . PNPase contains two RNase PH domains (also known as the catalytic domain) and a C-terminal RNA-binding domain KH/S1 [25] . As a member of the RNA degradosome, PNPase can interact with the C-terminal of RNase E and RhlB in E. coli [2, 26] . In B. subtilis, the interactions between PNPase and RNase Y, Pfk, CshA and RNase J1 were detected by B2H [11, 27] . In S. aureus, Enolase, RNase J1, and RNase Y were reported to be able to bind PNPase [11, 12] . We failed to observe the interaction between PNPase and Enolase through in vitro pulldown assay (Fig. S1 ), but we identified RnpA as a new binding partner for PNPase (Fig. 1D) , and PNPase 624-C (S1 domain) were constructed as GST-fusion proteins. Pull-down assays revealed that RnpA interacts with the PH2 domain (PNPase 327-553 ) of PNPase, and the binding ability of PH2 domain to RnpA is quite similar to that of the full-length PNPase (Fig. 3B) . To ensure the interaction of PH2 domain with RnpA, we constructed PNPase 327-553 as an MBP fusion protein and tested its interaction with GST-RnpA. The pulldown assays clearly confirmed the strong interaction of PNPase 327-553 with RnpA (Fig. 3C) . To map the PNPase-binding region on RnpA, GST-tagged RnpA NÀ57 and RnpA 57-C were constructed. As shown in Fig. 3D , RnpA 57-C is responsible for the interaction with PNPase. However, the binding of RnpA 57-C to PNPase is a bit weaker than full-length RnpA, which is possibly caused by the degradation of RnpA 57-C (Fig. 3D) . Our results suggested that RnpA directly interacts with the PH2 domain of PNPase through its C-terminal region.
Enolase binds to RnpA 57-C in competition with PNPase
Although Enolase was reported to play a crucial role in the degradation of glucose transporter mRNA upon phosphosugar stress in E. coli, its function within the RNA degradosome remains unclear [8] . After determining that both the dimeric and octameric forms of Enolase can directly bind RnpA (Fig. 1E,F) , we sought to identify the Enolase-binding region on RnpA. To our surprise, GST pull-down assays showed that Enolase binds to RnpA 57-C , which is also the interaction region for PNPase (Fig. 4A,B) . This result indicates that PNPase and Enolase may bind to RnpA in competition.
To assess this possibility, the binding abilities of PNPase and Enolase for RnpA were verified by competitive binding assays. After RnpA proteins were sufficiently occupied by PNPase, increasing amounts of Enolase resulted in less PNPase bound to GSTRnpA (Fig. 4C,D) . The Enolase-dimer and -octamer are able to take the place of the PNPase bound to RnpA when the molecular ratios of dimeric-and octameric Enolase: PNPase were increased to 1 : 1 and 4 : 1, respectively (Fig. 4C,D) . When sufficient Enolase proteins were used to occupy RnpA, the addition of PNPase only replaced about half the octameric Enolase from RnpA even at 32 : 1 molar ratio of PNPase: Enolase (Fig. 4E) . Additionally, it took more PNPase Fig. 2 . Analytical SEC of RnpA with PNPase, Enolase-dimer of Enolase-octamer. The elution profile of PNPase (A), Enolase-dimer (B) and Enolase-octamer (C) were shifted to higher apparent molecular weights by the addition of RnpA. The elution profiles were colored blue for PNPase, Enolase-dimer and Enolase-octamer, black for RnpA and red for the mixture of RnpA with PNPase, Enolase-dimer and Enolaseoctamer. The protein samples from each peak were analyzed by SDS/PAGE. The tube numbers corresponding to the peak fractions are indicated above the gels. The assays were performed as described in materials and methods. The gray arrows indicate the retention volumes of molecular weight markers. The elution volume of each peak was labeled black for RnpA, blue for PNPase and Enolase, and red for the complex.
to compete dimeric Enolase (Fig. 4F ). These results demonstrate that Enolase competes strongly for binding to RnpA and the competition of PNPase for RnpA is weak.
Structural analysis of the interaction between RnpA and PNPase
The structures of RnpA (PDB entry 1D6T) and Enolase (PDB entry 5BOF) from S. aureus have been previously reported, while the structural features of the A resolution with final R-factor and R-free of 22.29% and 24.85%, respectively. The X-ray data collection and refinement statistics for PNPase NÀ553 -PPi are listed in Table 1 . The final model of the PNPase NÀ553 -PPi structure comprising residues 4-549 contained two RNase PH domains (PH1 and PH2) and one a-helical linker domain (Fig. 5A ). Three monomers with six RNase PH domains form a ring-like homotrimer containing a central channel (Fig. 5B) . Although ADP was co-crystallized with PNPase NÀ553 , only the pyrophosphate group with two alternative conformations was included in the final model due to the missing electron density of adenosine (Fig. 5A and Fig. S2 ). Structural comparisons of PNPase NÀ553 -PPi with the E. coli (PDB entry 3CDI) and human PNPases (PDB entry 3U1K) in catalytic domain region gave an average RMSD of 0.799 A for 384 Ca atoms and 0.898 A for 357 Ca atoms, respectively (Fig. S3 ). This result reveals that the structure of the N-terminal PNPase is highly conserved in evolution.
We have identified that the PH2 domain of PNPase interacts with RnpA 57-C . RnpA is a small basic protein and its electrostatic surface potential shows two positively charged regions on 57-C (termed PR1 and PR2), which indicates that RnpA may interact with PNPase and Enolase through electrostatic interactions (Fig. 5C ). Because PR1 is the RNA-binding region according to the tRNA-RnpA structure, we propose PR2 as the region on RnpA 57-C responsible for PNPase and Enolase binding (Fig. 5D) . To find the potential region of the PNPase PH2 domain responsible for interacting with RnpA, we generated the electrostatic surface of PNPase N-553 . As shown in Fig. 5E , two negatively charged regions (NR1 and NR2) were observed on the surface of the PH2 domain. NR2 locates at the outside surface of the PNPase trimer ring, and structural comparison of PNPase N-553 with the full-length PNPase from Caulobacter vibrioides (PDB entry 4AIM) reveals that NR1 is buried in the interface between PH2 and KH domains of full-length PNPase (Fig. 5F ). Therefore, we suggest PNPase interacts with RnpA through the negatively charged NR2 region. Given that Enolase binds to RnpA 57-C in competition with PNPase, RnpA might also interact with the negatively charged regions of Enolase through electrostatic interactions (Fig. S4) .
RnpA increases the enzymatic activity of Enolase in vitro
The degradosome involves a large number of RNases, and their enzymatic activities can be regulated by Fig. 6A ,B, the activity of PNPase remains the same in the presence of RnpA as PNPase alone. The K m and K cat values of PNPase did not change after RnpA binding (Table 2) . Together, our data show that the binding of RnpA has no effect on PNPase activity. Enolase exists as both an octamer and a dimer in solution, but only the octameric form has catalytic activity [22] . Both Enolase forms are capable of binding RnpA, and the dimeric form has higher binding affinity to RnpA than that of the octameric form ( Figs 1E,F and 4C-D) . To determine if RnpA affects the enzymatic activity of Enolase, we carried out activity assays using the Enolase-octamer and Enolasedimer, with or without the addition of RnpA. A gradient of RnpA (with molar ratios of RnpA: Enolase of 2 : 1, 4 : 1, 6 : 1, and 8 : 1) was added into the reaction system. Although Enolase-dimer still has no enzymatic activity in the presence of RnpA (Fig. 6C) , an obvious increase of the octamer activity was observed, and the addition of RnpA at 4 : 1 molar ratio was sufficient to reach the maximum increase (Fig. 6D) . We then measured the K m and K cat values of the Enolaseoctamer in the presence of RnpA with an RnpA: Enolase molar ratio of 4 : 1 (Fig. 6E) . The K m and K cat values of the Enolase-octamer both increased after RnpA binding (Table 3) . These results reveal that RnpA increases the enzymatic activity of the Enolaseoctamer, even though it has no effect on the dimer.
The RNA degradosome has been discovered for years, but the exact function of each component remains to be characterized. The crosstalk between the RNA degradosome and the glycolytic pathway is also unclear. E. coli Enolase was reported to sense phosphosugar stress and function in the degradation of glucose transporter mRNA. However, how it functions remains unknown. Here, we found that the activity of Enolase can be slightly upregulated by RnpA and that Enolase can bind to RnpA in competition with PNPase. Our results provided more information about the connection between RnpA and RNA degradosome, suggesting the possible regulatory mechanism for the assembly and function of RNA degradosome.
Conclusion
In this study, we identified PNPase and Enolase as novel partners for RnpA in the S. aureus RNA degradosome. Enolase binds to the 57-C region of RnpA in competition with the PNPase PH2 domain (PNPase ) with a higher affinity. To investigate the molecular mechanisms of the interactions between RnpA and PNPase and Enolase, the crystal structure of PNPase catalytic domain (PNPase NÀ553 ) was determined. Biochemical studies combined with structural analysis indicate that RnpA may interact with PNPase and Enolase through electrostatic interactions. Enzymatic assays illustrate that the binding of RnpA increases the catalytic activity of Enolase. Our findings have provided more information about the association between RnpA and the RNA degradosome. 
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